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Introduction
Bone undergoes constant remodeling by balancing the antagonistic activities of bone-forming osteoblasts and bone lytic osteoclasts (1) (2) (3) . Bone loss resulting from increased osteoclast differentiation and activity (1, 4) can lead to osteoporosis and its secondary complications, such as increased fracture risk and impaired bone regeneration, which are prevalent pathologies (1, 5, 6) . Current antiresorptive therapies are limited by side effects and inadequate long-term compliance (7) . Identification of molecules that regulate osteoclast differentiation and activity thus can help improve the treatment of bone loss.
Retinoid X receptors (RXRs) are members of the nuclear receptor superfamily of ligand-dependent transcription factors that regulate a variety of physiological processes, including cell differentiation, lipid and glucose metabolism, and immune responses (8) . There are 3 RXR isotypes, RXRα (NR2B1), RXRβ (NR2B2), and RXRγ (NR2B3), which all show tissue-specific expression (8) . RXRs occupy a central position in the nuclear receptor superfamily because they form heterodimers with many other family members. In addition, RXRs are able to activate transcription as homodimers, generating an as-yet little-explored complexity of RXR-dependent gene regulation (8) . Despite the importance of RXR-controlled gene transcription, RXRs have been mainly studied as subordinate partners of other nuclear receptors, and very little is known about their in vivo functions (8) . Pharmacological studies have identified RXRs as important modulators of glucose metabolism (8, 9) , making them potential targets for the treatment of insulin resistance (IR). However, whether RXR modulation might have any impact on osteoporosis, a pathology often associated with IR (10), is not known.
Here, we have uncovered a role of RXR signaling in osteoclastogenesis during physiological and pathological bone remodeling. Using hematopoietic-specific RXR-deficient mice as well as molecular and pharmacological approaches, we show that RXRs control osteoclast proliferation, differentiation, and activation through dual mechanisms that converge on the upregulation of the transcription factor v-maf musculoaponeurotic fibrosarcoma oncogene family, protein B (MAFB). Under physiological conditions, RXR homodimers control Mafb expression in osteoclast progenitors. In contrast, pharmacological activation of RXRs triggers a second mechanism involving heterodimerization with liver X receptor (LXR), which induces Mafb expression indirectly through upregulation of the transcription factor sterol regulatory element binding protein-1c (SREBP-1c). These results suggest that bone loss can be inhibited by modulation of RXR signaling at different steps of osteoclast differentiation. Supporting this, we have found that both RXR deletion in osteoclast progenitors and pharmacological RXR activation in differentiating osteoclasts limit bone loss in ovariectomized mice.
Osteoclasts are bone-resorbing cells that are important for maintenance of bone remodeling and mineral homeostasis. Regulation of osteoclast differentiation and activity is important for the pathogenesis and treatment of diseases associated with bone loss. Here, we demonstrate that retinoid X receptors (RXRs) are key elements of the transcriptional program of differentiating osteoclasts. Loss of RXR function in hematopoietic cells resulted in formation of giant, nonresorbing osteoclasts and increased bone mass in male mice and protected female mice from bone loss following ovariectomy, which induces osteoporosis in WT females. The increase in bone mass associated with RXR deficiency was due to lack of expression of the RXR-dependent transcription factor v-maf musculoaponeurotic fibrosarcoma oncogene family, protein B (MAFB) in osteoclast progenitors. Evaluation of osteoclast progenitor cells revealed that RXR homodimers directly target and bind to the Mafb promoter, and this interaction is required for proper osteoclast proliferation, differentiation, and activity. Pharmacological activation of RXRs inhibited osteoclast differentiation due to the formation of RXR/liver X receptor (LXR) heterodimers, which induced expression of sterol regulatory element binding protein-1c (SREBP-1c), resulting in indirect MAFB upregulation. Our study reveals that RXR signaling mediates bone homeostasis and suggests that RXRs have potential as targets for the treatment of bone pathologies such as osteoporosis.
under this pathological condition, we induced estrogen deficiency by bilateral ovariectomy (OvX) in 20-week-old WT and RXR-KO mice and assessed bone loss over a further 8 weeks. Consistent with the lack of a skeletal phenotype in RXR-KO females (Supplemental Figure 3 ), age-and sex-matched sham-operated WT and RXR-KO mice showed no differences in bone architecture or osteoclast activity ( Figure 2 ). However, after OvX, loss of trabecular bone mass was significantly lower in RXR-KO mice (Figure 2 , A-D). In WT mice, OvX led to a marked increase in osteoclast activity, shown by a rise in urine DPD and plasma CTX concentrations ( Figure 2 , E and F). In contrast, the increase in DPD and CTX concentrations was significantly lower in ovariectomized RXR-KO mice (Figure 2 , E and F). These findings indicate that the diminished osteoclast activity in RXR-KO female mice makes them less prone to bone loss upon OvX.
Lack of RXRs leads to formation of giant and nonresorbing osteoclasts in vitro. To determine the mechanism underlying the abnormal osteoclast activation in RXR-KO mice, we cultured bone marrow cells in the presence of the cytokines macrophage colony-stimulating factor (M-CSF) and RANKL (16) . Osteoclasts differentiated from RXR-KO bone marrow were significantly larger than WT-derived osteoclasts and contained more nuclei (Figure 3 , A-C). In contrast, osteoclast differentiation from bone marrow cells lacking RXRα but not RXRβ was normal, supporting the functional redundancy of RXRα and RXRβ in hematopoietic cells (Supplemental Figure 5 ). Enlargement of osteoclasts can result in increased bone resorption (17) ; however, the abnormally large RXR-KO osteoclasts displayed low lytic activity when cultured in calcium-phosphate-coated plates (Figure 3D) or on bovine cortical bone slices ( Figure 3E ). RXR-KO osteoclasts also showed low expression of Acp5, matrix metallopeptidase 9 (Mmp9), cathepsin-K (CtsK), and Car2, which encode molecules crucial for extracellular matrix degradation and bone resorption ( Figure 3F ). In addition, real-time imaging showed that RXR-KO osteoclasts had an increased spreading over the substrate compared with WT osteoclasts ( Figure 3G and Supplemental Video 1). These in vitro results are consistent with our in vivo observations, indicating that the lack of RXRs in osteoclast progenitors leads to a cell-autonomous effect on osteoclast differentiation and activation.
The M-CSF response is altered in RXR-KO osteoclast progenitors. Osteoclast size is determined by the response of osteoclast progenitors to M-CSF, which controls their proliferation and survival (18, 19) . This cytokine also stimulates activities of the mature resorptive osteoclast, such as spreading, motility, and cytoskeletal organization (20) . We thus hypothesized that the RXR-KO osteoclast phenotype could be due to an altered M-CSF response. To test this, we first characterized the capacity of osteoclast progenitors to form myeloid colony-forming units (CFUs) and to divide in response to M-CSF. After 12 days in the presence of M-CSF, the same numbers of CFUs were seen in WT and RXR-KO bone marrow cultures ( Figure 4A) ; however, the number of cells per colony was significantly higher in RXR-KO CFUs ( Figure  4B ). In addition, a higher percentage of osteoclast progenitors from RXR-KO mice proliferated in response to M-CSF ( Figure  4C ). RXR deletion had no effect on myeloid progenitor or monocyte numbers, which indicates that the differences between the WT and the RXR-KO responses to M-CSF were due to a higher
Results
RXRs regulate osteoclastogenesis in vivo. Osteoclasts differentiate from the myeloid lineage of hematopoietic cells, which express RXRα and RXRβ, but not RXRγ (8) . Mice with deletion of RXR in hematopoietic cells (11) or systemic loss of RXRβ (12) display normal hematopoiesis, suggesting that the 2 RXR isotypes may compensate for the lack of each other in hematopoietic cells. To avoid this possible compensation, we conditionally deleted both RXRα and RXRβ in hematopoietic cells by crossing mice bearing loxP-flanked RXRα and RXRβ sequences with Mx1-Cre transgenic mice. RXR deletion was induced by neonatal injection of polyinosinic-polycytidylic acid (pI:pC). This model resulted in loss of expression of RXRα and RXRβ in all hematopoietic cells, osteoclast progenitors, and mature osteoclasts (RXR-KO) (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI77186DS1).
We studied the skeletal phenotype of 8-and 20-week-old male mice. The total and femur levels of bone mineral density (BMD) and the bone mineral content (BMC), assessed by dual x-ray absorptiometry, were both higher in 20-week-old RXR-KO male mice than in their WT littermates ( Figure 1, A and B ). μCT and bone histomorphometry showed increased cortical and trabecular bone volume in RXR-KO femurs from 20-week-old mice ( Figure 1 , C and D). However, no significant differences were detected in any of these parameters between WT and RXR-KO mice at 8 weeks (Supplemental Figure 2 ). We also found that 20-week-old female RXR-KO mice displayed no bone abnormalities (Supplemental Figure 3 ). These findings show that bone mass is specifically increased in RXR-KO male mice and that this phenotype becomes pronounced as the mice age. We next assessed osteoblast and osteoclast function. Osteoblasts have been shown to express Cre recombinase in Mx1-Cre transgenic mice (13); however, neither osteoblast number (Supplemental Figure 4 , A and B) nor activity (Supplemental Figure 4 , C-F) was affected in RXR-KO male mice. On the other hand, osteoclasts in RXR-KO male mice were enlarged (Figure 1 , E-G). Transmission electron microscopy (TEM) revealed that WT osteoclasts displayed cytoplasmic vacuolization and a ruffled border and were attached to the bone matrix ( Figure 1H ). These are features of normally activated, mineral-resorbing osteoclasts (14) . In contrast, osteoclasts in RXR-KO mice had partial or disorganized ruffled borders and were in limited contact with the bone matrix ( Figure 1H ), suggestive of defective lytic activity (15) . Consistently, RXR-KO male mice presented low levels of the osteoclast activity markers tartrate-resistant acid phosphatase (TRAP) and C-terminal telopeptide (CTX) in serum and deoxypyridinoline (DPD) in urine ( Figure 1I ). In addition, the total bone mRNA levels of osteoclastactivity-related genes (such as nuclear factor of activated T cells, cytoplasmic, calcineurin dependent 1 [Nfatc1], TRAP 5 [Acp5], and carbonic anhydrase 2 [Car2]) were lower in RXR-KO mice than in WT (Supplemental Figure 4G ). These findings indicate that the lack of RXRs in hematopoietic cells increases bone mass in male mice by impairing osteoclast activity.
RXR-KO mice are protected from ovariectomy-induced bone loss. Postmenopausal osteoporosis is a prevalent bone pathology that develops as a result of increased osteoclast differentiation and activity (7) . To model the potential role of RXRs in bone homeostasis jci.org Volume 125 Number 2 February 2015 clasts presented scattered podosomes, failing to form a morphologically normal podosome belt on the glass surface or a sealing zone on bone ( Figure 4 , D and E). All these findings suggest that the giant, resorption-deficient phenotype of RXR-KO osteoclasts is due to a defective response to M-CSF, affecting osteoclast progenitor proliferation as well as the organization and maturation of cytoskeletal structures required for bone resorption.
Mafb expression is diminished in RXR-KO osteoclast progenitors. To determine the molecular mechanism underlying the abnormal RXR-KO osteoclast phenotype, we measured the transcript levels of RANKL-and M-CSF-responsive genes in the course of proliferation rate of the RXR-KO progenitors rather than to a difference in the number of osteoclast progenitors (Supplemental Figure 6 ). Next, to determine whether the RXR-KO osteoclasts had altered cytoskeletal organization, we cultured osteoclasts on glass coverslips or bovine cortical bone slices and examined the organization of F-actin and the distribution of Wiskott-Aldrich syndrome protein (WASP) by confocal immunofluorescence. In WT osteoclasts plated on glass coverslips or bone slices, F-actin and WASP were seen in podosomes, arranged in dense podosome belts or actin rings (the sealing zone), respectively ( Figure  4 , D and E). This podosome arrangement is a hallmark of mature, resorbing osteoclasts (21) (22) (23) . In contrast, most RXR-KO osteo- ( Figure 5G ). Next, to assess whether low MAFB expression in osteoclast progenitors recapitulates the osteoclast phenotype of RXR-deficient progenitors, we silenced Mafb in bone marrow cells by RNA interference. Mafb downregulation in osteoclast progenitors (Supplemental Figure 8D ) resulted in larger osteoclasts ( Figure 5H and Supplemental Figure 8E ) with increased nuclear number ( Figure 5I ), decreased transcription of Ctsk, a gene encoding an important protease that degrades collagen and other matrix proteins during bone resorption ( Figure 5J and ref. 13) , and decreased lytic activity ( Figure 5K ). Together, these results demonstrate that the abnormal osteoclast proliferation, differentiation, and activity observed in RXR-KO cells is likely to be dependent on MAFB expression in osteoclast progenitors.
RXR homodimers regulate Mafb transcription in basal physiological conditions. We next determined whether Mafb is a bona fide RXR target gene. Treatment with RXR pan agonists (LG100268 [LG268] and 9-cis-retinoic acid [9cRA]) induced Mafb gene expression in WT osteoclast progenitors ( Figure 6A ). Interestingly, both basal and RXR agonist-induced Mafb expression were downregulated by LG100754 (LG754), an agonist of RXR/peroxisome proliferator-activated receptor (PPAR) and RXR/retinoic acid receptor (RAR), but an antagonist of RXR homodimers (ref. 28 and Figure 6A ). The MAFB induction (mRNA and protein) by RXR agonists in WT osteoclast progenitors was not observed in RXR-KO cells, indicating that the effect is RXR dependent ( Figure  6 , B and C). In a transfection assay in the LXR-, PPAR-, and RXRdeficient cell line RAW264.7 (ref. 29 and Supplemental Figure 9 , A and B), the activity of a 1.5-kilobase Mafb promoter was upregulated by LG268 and 9cRA and downregulated by LG754 only in the presence of overexpressed RXRα ( Figure 6D ). Moreover, LG754 inhibited 9cRA-induced Mafb promoter activation (Supplemental Figure 9C ). These data suggest that Mafb is a target gene of RXR homodimers. Using luciferase reporter assays of truncated Mafb promoters, ChIP followed by high-throughput sequencing (ChIPseq), and motif discovery analysis, we identified 2 RXR-binding motifs (DR-1) in the Mafb promoter ( Figure 6E Figure  7 ). However, of these transcription factors, only MAFB showed significantly lower expression (mRNA and protein) in RXR-KO osteoclast progenitors than in WT ( Figure 5 , A-C). Low Mafb expression was also found in RXR-KO bone marrow early blasts, myeloid blasts, and monocytes, all considered osteoclast progenitors (25) ( Figure 5D and Supplemental Figure 1D ). These results identify MAFB as the main molecule differentially expressed between WT and RXR-KO osteoclast progenitors.
Interestingly, MAFB deficiency has been previously shown to enhance sensitivity of hematopoietic progenitors and myeloid cells to M-CSF, influencing their proliferation and survival (26, 27) . To clarify whether an RXR/MAFB axis is established in osteoclast progenitors with a role in proliferation, we next performed MAFB gain-of-function experiments in RXR-KO osteoclast progenitors. Figure 8 Unexpectedly, when cells were treated with LG268, osteoclast differentiation from WT but not from RXR-KO bone marrow cells was abolished ( Figure 7A ). Measurement of Mafb transcript levels in the course of osteoclast differentiation showed that WT but not RXR-KO cells upregulated Mafb expression at day 5 of in vitro differentiation ( Figure 7B ). This Mafb upregulation can account for the blockade of osteoclast differentiation in WT cells, since MAFB downregulation in differentiating osteoclasts is required for functional osteoclast maturation (31) .
Lentivirus-mediated overexpression of MAFB in RXR-KO cells (Supplemental
To assess whether induction of Mafb by pharmacological activation of RXR is mediated by its heterodimerization with another nuclear receptor, we treated osteoclast progenitors with agonists for all the RXR heterodimeric partners expressed by myeloid cells (8) . We observed that only LXR-specific agonists (GW3965 and T0901317 [T1317]) induced Mafb expression (Supplemental Figure  10 , A and B). Using RXR-KO and Lxr-KO osteoclast progenitors, we found that LXR agonist-mediated induction of MAFB mRNA and protein expression was dependent on RXR and LXR expression RXR bound to the proximal promoter of Mafb in basal conditions in WT but not in RXR-KO cells, and its binding was further enhanced by RXR ligand activation ( Figure 6F ). Since DR-1 motifs are also binding sites for PPARγ (30) , we next analyzed whether PPARγ regulates Mafb in basal conditions. No binding of PPARγ was detected in the ChIP-seq assays (Supplemental Figure 9D ), and we observed no differences in Mafb mRNA levels in PPARγdeficient osteoclast progenitors (Pparg-KO) compared with WT cells (Supplemental Figure 9F ). Together, these results show that RXR binds to DR-1 sequences of the Mafb promoter in osteoclast progenitors. This, along with the low MAFB expression found in osteoclast progenitors of RXR-KO mice ( Figure 5 , A-D), demonstrates the existence of an RXR homodimer/MAFB regulatory axis under basal physiological conditions.
Pharmacological activation of RXRs blocks osteoclast differentiation through RXR/LXR-mediated upregulation of Mafb. We next assessed the effect of pharmacological RXR activation on M-CSF-and RANKL-induced osteoclast differentiation in vitro. Figure 7F ). Positive regulation of target genes by RXR/ LXR often involves the binding of the heterodimer to a liver X response element (LXRE). However, no LXR binding to the Mafb promoter was detected in the ChIP-seq analysis (Supplemental Figure 9D ). These data suggested that RXR/LXR may not regulate Mafb expression by a classic LXRE-binding mechanism and that, instead, additional LXR-dependent pathways may be involved. In accordance with this, we found that the mRNA and protein expression of the transcription factor SREBP-1c were induced by RXR/ LXR activation in WT osteoclast progenitors, but not in RXR-KO ( Figure 8 , A and B) or Lxr-KO cells (Supplemental Figure 10C ). Accordingly, we found that Mafb reporter activity was enhanced in the presence of transiently overexpressed SREBP-1c ( Figure 8C ). In addition, using luciferase assays, ChIP-seq assays, and motif analysis, we determined the existence of 3 SREBP-1c-binding sites along the Mafb proximal promoter ( Figure 8C , Supplemental Figure 10D ). In vivo binding of SREBP-1c to the Mafb promoter was further confirmed by ChIP analysis in osteoclast progenitors ( Figure 8D ). Finally, Srebp1c silencing blocked Mafb induction by T1317, confirming that the RXR/LXRdependent increase in Mafb expression was mediated by SREBP-1c ( Figure 8 , E and F). We next assessed the effect of LXR pharmacological activation on osteoclast differentiation. Treatment of in vitro differentiating osteoclasts with T1317 induced Mafb expression at day 5 of differentiation and accordingly blocked osteoclast differentiation in WT but not in RXR-or LXR-deficient cells (Supplemental Figure 11 ). It was notable that, in contrast to RXR-KO cells, basal mRNA and protein MAFB expression levels in osteoclast progenitors from WT and Lxr-KO mice were similar (Figure 7 , D and E). Accordingly, there was no size difference between osteoclasts differentiated from WT or Lxr-KO osteoclast progenitors in the absence of any ligand treatment (Supplemental Figure 11B ). These results support the idea that MAFB expres- to osteoblasts is disrupted, which can result in suppression of osteoblast-driven bone formation (7, 32) . New therapies are therefore focused on compounds that inhibit osteoclast activity rather than their viability, so that physiological communication between osteoclasts and osteoblasts is maintained. Our results demonstrate that RXR loss of function by targeted deletion in bone marrow hematopoietic progenitors impairs the acquisition of an active osteoclast phenotype during osteoclast differentiation without affecting osteoblast activity in vivo. Osteoclasts derived from RXR-deficient progenitors are abnormally large, which one would expect to be associated with high lytic activity (33) . However, these osteoclasts have defects in bone resorption, which can be explained by their deficient expression of osteoclast activity genes and failure to form cytoskeletal structures necessary for resorption of the bone matrix. This eventually results in increased bone mass in male mice and protection from bone loss in an experimental model of postmenopausal osteoporosis. Our findings represent the first demonstration, to our knowledge, of the existence of an RXR-signaling pathway in osteoclastogenesis. The skeletal phenotype of the RXR-KO male mice develops at the age when bone mass peaks (34) and osteoclast activity exceeds osteoblast activity (35) . Under these conditions, the resorption deficiency of the RXR-KO osteoclasts may favor the 12, A and B) and had no significant effect on osteoclast (Supplemental Figure 12C ) or osteoblast (Supplemental Figure 12D ) activity. These findings show that bexarotene does not affect osteoclastmediated bone resorption during steady-state bone turnover.
Next, to evaluate the therapeutic potential of pharmacological activation of RXRs in the treatment of pathologic bone loss, we performed OvX in 20-week-old female mice and treated them with bexarotene. After 8 weeks of bexarotene treatment, sham-operated mice showed no differences in bone parameters and osteoclast activity compared with vehicle-treated controls (Figure 9 ). In contrast, in ovariectomized mice, bexarotene treatment significantly increased the bone volume and the trabecule number, as shown by μCT and bone histomorphometric analysis (Figure 9 , A-C). This increase in bone mass correlated with an inhibition of osteoclast activity, determined by the lower urine DPD/creatinine ratio ( Figure 9D ), and a decrease in mean levels of serum CTX ( Figure 9E ) in bexarotenetreated ovariectomized mice. These findings show that pharmacological RXR activation has a protective effect against bone loss after OvX by diminishing osteoclast activation and bone resorption.
Discussion
Classic antiresorptive therapies act by reducing osteoclast viability (7) . As a consequence, paracrine signaling from osteoclasts togenesis (31) . Despite this antiosteoclastogenic role, we found that MAFB expression in osteoclast progenitors is necessary for their proper proliferation and further differentiation into functional osteoclasts ( Figure 10) . A role for MAFB in the control of M-CSF-dependent proliferation of myeloid cells has been previously described (26, 27) . Our studies demonstrate that MAFB controls M-CSF-dependent proliferation of osteoclast progenitors and that this has an impact on osteoclastogenesis. Indeed, osteoclasts differentiated from Mafb-silenced precursors are giant osteoclasts with low lytic activity, likely due to low expression of cathepsin-K, which encodes an important osteoclast protease whose deletion leads to osteopetrosis in mice (13) . Although low cathepsin-K expression might account for the low lytic activity of RXR-KO osteoclasts, we cannot exclude the possibility that other genes regulating osteoclast activity might be direct targets of RXR and that this might influence the expression profile at later stages of osteoclast differentiation. For instance, regulation of Fos by RXR in a heterodimer with PPARγ (40) could contribute to the RXR-KO osteoclast phenotype. Since their discovery, RXRs have been mainly studied as subordinate partners of other nuclear receptors (8) . More recent studies have demonstrated that activation of RXRs regulates gene transcription (8) . In addition, RXRs are known to form homodimers (8); increase of bone mass. Interestingly, the basal skeletal phenotype of female mice was unaffected by RXR-deficient bone marrow hematopoietic progenitors. This might be explained by the effects of estrogens on osteoclastogenesis and osteoclast activity. Estrogens reduce osteoclast size (36, 37) and bone resorption (37) , and estrogens in female mice may thus impede the development of the bone phenotype seen in RXR-KO male mice. Supporting this idea, OvX-induced estrogen deficiency allowed female mice to develop the osteoclast RXR-dependent bone phenotype seen in male mice. Mutual interactions exist between RXRs and estrogen receptors that could influence their transcriptional activities, including direct protein-protein interactions (38) , competition for DNA-binding domains (38) , and competition for shared coactivators and corepressors (39) . These interactions point to a potential mechanism through which estrogens could contribute to the transcriptional modulation of RXRs to affect osteoclast function in vivo. However, further studies are needed to assess the possibility of crosstalk between RXRs and estrogen receptors in bone.
Our investigation into the molecular mechanism identified Mafb as an RXR homodimer target in osteoclast progenitors under basal physiological conditions. MAFB has been shown to function as a corepressor of several osteoclastic transcription factors, and its expression is downregulated during osteoclas- notable that the regulation of Mafb by RXR homodimers occurs in the absence of any exogenous RXR ligand, suggesting that RXR endogenous ligands might be produced during osteoclastogenesis. Supporting this idea, several fatty acids such as arachidonic acid and docosahexaenoic acid, which are ligands of RXR (45) , have been shown to play a role in osteoclastogenesis (46, 47) . Further studies are required to determine whether endogenous RXR ligands are physiologically relevant to the control of osteoclast differentiation and activation. Unexpectedly, given the effect of RXR deficiency under basal conditions, we found that pharmacological activation of RXR inhibits osteoclastogenesis. This effect is likely due to MAFB-mediated blockade of RANKL signaling in differentiating osteoclasts (31) , since RXR agonists upregulate MAFB expression during the course of osteoclast differentiation (Figure 10 ). Our findings are in agreement with previous studies showing an inhibitory effect of retinoids on osteoclast differentiation (48, 49) . All-trans retinoic acid, through activation of RAR, suppresses the downregulation of MAFB during osteoclast differentiation (48) . However, in agree-however, very little is known about their in vivo functions (8, 29) . Our analysis demonstrates that the role of RXR signaling in osteoclastogenesis under basal physiological conditions is independent of RXR heterodimeric partners with known roles in bone physiology (40) (41) (42) (43) (44) . Among all the RXR heterodimeric partner-deficient mice, only PPARγ-(40) and LXR-deficient mice (42, 43) increase bone mass, similar to our RXR-KO mice. However, a recent study showed that PPARγ deletion completely blocks osteoclast differentiation (40) and our in vitro studies and previous reports show that osteoclasts from LXR-deficient mice are morphologically indistinguishable from WT osteoclasts (42, 43) . The osteoclast phenotype of mice deficient in PPARγ or LXR thus does not resemble the RXR-KO osteoclast phenotype. In addition, steady-state levels of Mafb do not decrease in Pparg-KO and Lxr-KO osteoclast progenitors, indicating that the mechanisms leading to increased bone mass in Pparg-KO and Lxr-KO mice are different from the RXR homodimer-dependent mechanism described in the present study. Our results support an in vivo role for RXR homodimers, indicating that they can function as biologically relevant transcription units. It is (11, 55) . Rxrb fl/fl mice were donated by Pierre Chambon (Université de Strasbourg). RXR deletion was induced by injecting pI:pC at days 3, 5, and 7 after birth. Mice were genotyped by PCR using primers provided in Supplemental Table 1 : P1, P2, and P3 for RXRα (11) ; and XO141 and WS55 for RXRβ (55) . Mx1-Cre + /Rxra fl/fl /Rxrb fl/fl mice were considered hematopoietic cell-specific KOs for RXRα and RXRβ (RXR-KO). Their Mx1-Cre -/Rxra fl/fl /Rxrb fl/fl littermates were used as WT controls. WT and RXR-KO male mice were studied at 8 and 20 weeks of age. WT and RXR-KO female mice were studied at 20 weeks of age. Mx1-Cre + /Rxra fl/fl mice have been previously described (11) . LXRdeficient mice (56, 57) were donated by David Mangelsdorf (University of Texas Southwestern, Dallas, Texas, USA). Pparg-KO mice have been described previously (58) . Mice were fed with normal chow diet (ssniff). In order to test the effects of RXR activation on bone homeostasis, 8-week-old male C57BL/6 mice (Charles River) were orally gavaged daily for 6 weeks with 35 mg/kg/d bexarotene (LGD1069) or vehicle.
OvX. For OvX experiments, mice were bilaterally ovariectomized, and the ovaries of the sham-operated group were left intact. Both sets of mice were kept in identical housing conditions controlling for the same environment, food, light, and temperature conditions. In order to test the effects of RXR deletion on bone homeostasis, we used WT and RXR-KO female mice at 20 weeks of age. Mice were killed 8 weeks after OvX for further analysis. To assess the effects of RXR activation on bone loss, 20-week-old C57BL/6 mice were ovariectomized, and thereafter the mice were orally gavaged with 35 mg/kg/d of bexarotene (LGD1069) or vehicle on a daily basis. For analysis, mice were killed after 8 weeks of treatment.
Ligands. GW327647 (GW647) and GW610742X (GW742) were provided by Tim Willson (GlaxoSmithKline).
LG268 and LG754 were a gift from Reid Bissonette (Ligand Pharmaceutical). Rosiglitazone (Rosi) and T1317 were purchased from Cayman Chemical, GW3965 from Tocris Bioscience, and 9cRA, TTNPB, 1α,25-dihydroxyvitamin D3 (VitD), and triidothyronine (T3) from Sigma-Aldrich. Bexarotene (#17743851) was purchased from Molekula. ment with another study (49), we did not detect any effect of the RAR-selective ligand TTNPB on the expression of Mafb. We demonstrate here that the inhibition of osteoclastogenesis mediated by the selective pharmacological activation of RXR does not occur through its heterodimerization with RAR, but with LXR. Our results indicate that upon RXR activation, RXR/LXR indirectly regulates Mafb expression through the induction of SREBP-1c, a master regulator of lipid homeostasis (50) . Our findings suggest that the control of Mafb expression by SREBP-1c might be a link between lipid and bone metabolism (51, 52) . Interestingly, treatment with statins, a class of drugs used to lower cholesterol levels, reduces the number of differentiated osteoclasts and the risk of bone fracture (53) . In addition, the finding that SREBP-1 directly regulates the expression of Mafb in osteoclasts raises the possibility that SREBP-1 may influence cell functions beyond their role as regulators of lipid metabolism. Further studies are needed to explore the putative role of SREBP-1 in osteoclastogenesis.
The effect of pharmacological RXR activation on osteoclast differentiation occurs through heterodimerization with LXR, but not with other nuclear receptors expressed in osteoclast progenitors, such as PPARγ (30) . This finding is particularly relevant, since PPARγ ligands have negative effects on bone anabolism in mice and humans (30) , which challenges their therapeutic benefits as insulin sensitizers. Our results demonstrate that, in contrast with PPARγ activation, RXR activation has no negative effects on physiological bone turnover and moreover show that treatment with bexarotene reduces pathological osteoclast activation and bone resorption in a mouse model of postmenopausal osteoporosis. These results suggest that RXR homodimer inhibition in bone marrow progenitors or activation of RXR in differentiating osteoclasts may be beneficial for the treatment of bone diseases associated with increased osteoclast activity, such as osteoporosis. In addition, since RXR ligands are also insulin sensitizers (54) , our studies suggest that RXR-specific modulators (8) might provide an alternative to PPARγ agonist antidiabetic drugs without compromising bone homeostasis.
Methods
Mice. In order to conditionally ablate the RXR isoforms expressed by hematopoietic cells (RXRα and RXRβ) we used the Mx1-Cre In vitro osteoclast differentiation. Total bone marrow cells from 6to 8-week-old mice were differentiated in vitro to mature osteoclasts in 24-well or 96-well plates. Cells were cultured in α-MEM containing 10% FBS, 60 ng/ml of recombinant murine (rm) M-CSF (PeproTech), and 15 or 50 ng/ml of rm-RANKL (R&D Systems) for 24-well or 96-well plates, respectively. For these experiments, male and female mice were used. After 5 to 7 days of treatment, cultured cells were fixed and stained for TRAP, and TRAP-positive multinucleated cells (n > 3) were counted. Nuclei number per cell was determined after DAPI staining, and the osteoclast area was analyzed using Sigma ScanPro Image software. Osteoclast progenitors were obtained from total bone marrow cells after 3 days of culture in medium containing M-CSF (30 ng/ml).
Measurement of osteoclast lytic activity. To determine osteoclast lytic activity, osteoclast bone resorption capacity was assayed by differentiating osteoclasts as described above, using calcium-phosphatecoated 24-well resorption assay plates (Cosmo Bio Co.) or 96-well plates containing bovine cortical bone slices (DT-1BON1000-96, Immunodiagnostic Systems Ltd). At day 7 of osteoclast differentiation, cells were removed and the remaining calcium-phosphate matrix of the plate and the resorption pits formed on the bone slices were stained with 0.01% Toluidine Blue (Sigma-Aldrich). The resorption pit area was determined with Sigma ScanPro image analysis software by counting 100 resorption pits in each sample.
Real-time imaging of osteoclast motility. Osteoclasts were cultured in glass bottom culture dishes (MatTek Co.) and subsequently analyzed with a Leica DIC microscope. Image sequences were reconstructed using ImageJ software (http://imagej.nih.gov/ij/).
Labeling of osteoclast cytoskeleton. For visualization of the osteoclast cytoskeleton, total bone marrow cells were seeded on glass cov-Assessment of bone homeostasis. Bone parameters were assessed in male mice at 8 and 20 weeks of age and in female mice at 20 weeks of age. In female mice, we also assessed these parameters 8 weeks after OvX or sham surgery. To characterize bone architecture, samples were fixed in 4% paraformaldehyde (PFA) diluted in PBS (0.1 M, pH 7.4) for 72 hours. Tissues were decalcified in 10% EDTA in PBS at 37°C for 48 hours, dehydrated, cleared in xylene, and finally embedded in Paraplast embedding medium. Microtome sections (5 μm) were cut and stained with Harris H&E (Sigma-Aldrich). Histomorphometric analysis was carried out on digital images taken at ×200 magnification (59) using Imaris and Nikon NIS Elements image analysis software. Osteoclasts were labeled for TRAP enzyme activity with the leukocyte acidic phosphatase kit (Sigma-Aldrich). Osteoblasts were visualized by alkaline phosphatase (ALP) histochemistry (Sigma-Aldrich). Mineral apposition rate was determined with double-calcein labeling (60) . For analysis of osteoclast ultrastructure, samples were cut from the epiphyseal region of the femur and immersed immediately in a mixture of PFA and glutaraldehyde (4/1). Samples were processed for TEM as described (61) .
In vivo markers of bone turnover. To determine osteoclast and osteoblast activity, we assayed plasma TRAP, ALP, OCN, CTX, and the urine DPD/creatinine ratio using commercial ELISA kits (TRAP and CTX: Immunodiagnostic Systems; DPD: Bender MedSystems; OCN: BTI Biomedical Technologies; ALP: Alpha Diagnostics; creatinine: Spinreact). Plasma samples were obtained by venipuncture, and urine samples were pooled for 24 hours in individual urine chambers (Tecniplast).
DEXA and ex vivo high-resolution μCT. BMD and BMC were measured by DEXA (Lunar PIXImus) (40) . Femurs were isolated and air dried, and μCT scans were then acquired with the use of a Skyscan-1072 high resolution in vitro x-ray microtomograph. with LG268 (1 μM) or T1317 (1 μM). Total RNA from bone, osteoclast progenitors, or mature osteoclasts was isolated using Trizol (Sigma-Aldrich) or RNeasy Mini Kit (QIAGEN). Transcripts were quantified in a 2-step reverse-transcription qPCR process (61) . Gene expression values were normalized to the housekeeping genes 36b4 and cyclophilin and expressed as relative mRNA levels or fold changes compared with untreated controls. Data were analyzed using qBASE (Biogazelle). Primer sequences are provided in Supplemental Table 1 .
Cell extract preparation and Western blot analysis. We used osteoclast progenitors or total bone marrow for Western blotting. When necessary, cells were treated for 24 hours with LG268 (100 nM), 9cRA (100 nM), or T1317 (1 μM). For preparation of total lysates, cells were washed in PBS and incubated for 20 minutes at 4°C in RIPA lysis buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.1% SDS, 1% NP-40, 0.5% C 24 H 39 NaO 4 and protease inhibitors; Sigma-Aldrich). Lysates were centrifuged (14,000 g, 15 minutes), the protein concentration in the supernatants was measured (Bio-Rad), and solubilized proteins (40 μg) were separated by 10% SDS-PAGE. For SREBP-1 immunoblotting, we used purified nuclei prepared from osteoclast progenitors as described before (63) . After transfer, blocked membranes were probed with the following antibodies: RXRα (D-20, #sc-553, Santa Cruz Biotechnology Inc.), RXRβ (S-20, #sc-554, Santa Cruz Biotechnology Inc.), MAFB (#ab66506, Abcam), or SREBP-1 (#MS-1207, Thermo Scientific). For loading control of total and nuclear extracts, we used antibodies against β-actin (#A2066, Sigma-Aldrich) and SMC3 (#AB3914, EMD Millipore), respectively.
Proliferation assays. Freshly isolated bone marrow cells from 6-to 10-week-old male and female mice were incubated for 12 days in Methocult-3234 (Stem Cell Technologies) supplemented with 100 ng/ml M-CSF (PeproTech). CFUs were determined. For cell division analysis, osteoclast progenitors were stained with violet proliferation dye 450 (V450, BD Horizon) and incubated overnight in RPMI containing 0.5% FBS. Cells were then incubated in RPMI with 10% FBS and 50 ng/ml M-CSF for 12, 24, 36, or 48 hours. The percentage of osteoclast progenitors that had undergone mitosis (% proliferation) was determined by the V450 dilution assay using a BD FACSCanto flow cytometer (BD Biosciences) and subsequent FlowJo data analysis.
Lentiviral gene transduction. The mouse Mafb cDNA (a gift from M. Sakai, University of Hokkaido, Hokkaido, Japan) was amplified and cloned into pHRSIN CSGW-dlNotI lentiviral vector (provided by M.K. Collins, University College London), together with the cDNA for IRES GFP. The primers used for amplification are provided in Supplemental  Table 1 . 293T cells (obtained from ATCC) were used to produce viral particles using the 3 plasmid HIV-derived lentiviral system (provided by M.K. Collins, University College London) and the pMD2.G vector (#12259, Addgene Plasmid). Control viral particles were also generated using a vector encoding GFP alone. For viral inoculation, we incubated total bone marrow cells or osteoclast progenitors with the viral supernatants (MOI = 3) in α-MEM (supplemented with 10% FBS, β-mercaptoethanol, and 40 ng/ml M-CSF) for 48 hours at 37°C. We then removed the viral supernatants and performed CFU and proliferation assays as described above. GFP and MAFB expression signals in infected osteoclast progenitors were detected by fluorescent microscopy and Western blotting, respectively.
Promoter analyses. For in silico evaluation of the Mafb promoter, we used "Mulan" (64), and HOMER and Motif Matcher from UCSC (http://genome.ucsc.edu) (65) . For transient transfection, we used erslips or bovine cortical bone slices (donated by T. Arnett, University College London, London, United Kingdom) and differentiated into osteoclasts as described above. On days 5 to 7, cells were fixed for 20 minutes in 4% PFA in PBS. Cells were washed 3 times with PBS, permeabilized with 0.5% Triton X-100 in PBS for 10 minutes, and blocked with 5% normal goat serum for 45 minutes at room temperature. Actin filaments were detected by incubation with a solution of 0.1 μg/ml Alexa Fluor 488-conjugated phalloidin (Molecular Probes) in PBS for 1 hour. For localization of WASP, cells were incubated for 1 hour at room temperature with a 1/500 dilution of anti-WASP antibody (#8353, Santa Cruz Biotechnology Inc.) in PBS containing 2% BSA, followed by incubation with Alexa Fluor 488-conjugated anti-rabbit IgG. Actin rings were analyzed with a Zeiss LSM confocal microscope, which allowed us to identify distinct podosome arrangements: (a) complete podosome belt, with a belt-like arrangement of podosomes at the cell periphery: individual podosomes cannot be distinguished; (b) incomplete podosome belt, with circular clusters of podosomes and scattered podosomes behind the cell leading edge; (c) complete actin ring, with podosomes arranged in a ring-like structure at the cell periphery: individual podosomes cannot be distinguished; and (d) incomplete actin ring, with abundant podosome clusters behind the cell leading edge: individual podosomes can be distinguished. We counted 100 cells per experimental condition, analyzing cells in at least 4 distinct fields of each sample, and quantification was blinded to the genotypes.
Immunophenotyping and cell sorting. Cell suspensions were prepared from freshly harvested femur bone marrow. For immunophenotyping, cells were analyzed with a BD FACSCanto Flow Cytometer and BD FACSDiva software (BD Biosciences). We detected hematopoietic and progenitor cell subpopulations using the following antibodies: biotin-conjugated lineage panel antibodies (anti-CD3e, anti-CD11b, anti-CD45R/B220, anti-GR-1, and anti-Ter119; #559971, BD Biosciences -Pharmingen), Pe.Cy7-labeled anti-Sca-1 (#558162, BD Biosciences -Pharmingen), APC-labeled anti-c-Kit (#553356, BD Biosciences -Pharmingen), EF700-labeled anti-CD16/32 (#56-0161-80, eBioscience), and FITC-labeled anti-CD34 (#560238, BD Biosciences -Pharmingen). For the detection of mature myeloid subpopulations, the following antibodies were used: Pacific Blue-labeled anti-CD45 (#48-0451-82, eBioscience), PeCy7-labeled anti-Cd11b (#552850, BD Biosciences -Pharmingen), PE-labeled anti-Ly6G (#551461, BD Biosciences -Pharmingen), and FITC-labeled Ly6C (#553104, BD Biosciences -Pharmingen). For the isolation of myeloid subpopulations, cells were sorted according to CD31 and Ly6C expression, as previously described (62) . We used the MoFlo (Modular Flow) High-Performance Cell Sorter (Dako) and the following antibodies: APC-labeled anti-CD31 (#551262, BD Biosciences -Pharmingen) and FITC-labeled anti-Ly6C (#553104, BD Biosciences -Pharmingen). Lineage -(lin -) and Lineage + (lin + ) bone marrow fractions were isolated with an indirect magnetic labeling system (Miltenyi Biotec).
Gene expression analysis. For quantitative PCR (qPCR) analysis in osteoclast progenitors, cells were treated for 6 hours with ligands of RXR or its heterodimeric partners. We used the RXR ligands LG268 (100 nM), 9cRA (100 nM), and LG754 (1 μM). Cells were treated with GW3965 (1 μM) and T1317 (1 μM) for LXR activation; XCT0135908 (1 μM) for Nurr1; GW647 (100 nM) for PPARα; GW742 (100 nM) for PPARδ/β; and Rosi (1 μM) for PPARγ. We used VitD (40 nM) for VDR activation; T3 (50 nM) for TR; and TTNPB (1 μM) for RAR. For qPCR analysis during osteoclast differentiation in vitro, cells were treated jci.org Volume 125 Number 2 February 2015
Statistics. Power analysis was performed (GPower 3.1) to determine study group size using preliminary data sets. Statistical significance was determined using a nonparametric, 2-tailed Mann-Whitney U test for data with nonnormal distribution. Parametric 2-tailed Student's t test was used for data with normal distribution. Results are shown as mean ± SEM. Differences were considered significant at P < 0.05. Statistical analysis was conducted with Prism version 5 (GraphPad Software).
Study approval. All experimental procedures were approved by the Experimental Animal Use Committee of the Instituto de Salud Carlos III and were in accordance with the EU Directive 86/609.
